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ABSTRACT: A unique opportunity has been provided to investigate ground and structural performances induced by deep excavations 
in loose to medium dense sand, which has not been often explored. Observations of the excavation are briefly described in this paper 
and it is found that the ratio of maximum lateral wall movement to the excavation depth is 0.32%. The observed surface settlement 
tends to be smaller due to the limited allowable measurement distance to the excavation site. In addition, deeper impermeable clay 
might also be the reason leading to smaller surface settlement. A series of numerical analyses is conducted to predict excavation-
induced deformations using PLAXIS 2D. The accuracy and effectiveness of three constitutive models, namely Mohr-Coulomb (MC), 
Hardening Soil (HS) and Hardening Soil with Small Strain (HSS) models, are evaluated. The results have demonstrated that the HSS 
model yields the best predictions for the wall deflections and ground surface settlements, as for the MC model shows the largest 
discrepancy. The comparison result is apprehended to be linked with definition of soil stiffness in the model. 

RÉSUMÉ : une occasion unique a été offerte pour évaluer le sol et les performances des structures induites par la réalisation d'une 
excavation profonde dans du sable lâche ou semi-dense, ce qui n'avait pas souvent été investigué. Dans cet article, les observations de 
l'excavation ont été brièvement décrites et il a été constaté que la flexion latérale maximale à la face du mur jusqu'à la profondeur de 
l'excavation a un ratio de 0.32%. Il a été observé que l'affaissement à la surface est très insignifiant ceci pourrais être due au fait de la 
limitation du site du projet (petite superficie donc courte distance), mais aussi la présence en profondeur d'une couche imperméable 
d'argile  pourrait être la raison pour laquelle l'affaissement à la surface est aussi petit. Une série d'analyses numériques à l'aide du logiciel 
PLAXIS 2D a été effectuée pour prédire les déformations induites par l'excavation profonde. Pour évaluer la précision et l'efficacité de la 
prédiction, trois modèles constitutifs, MC, HS et HSS ont été utilisés. Les résultats ont montrés que le modèle HSS donne la meilleure 
prédiction de la flexion latérale du mur et de l'affaissement du sol à la surface, par contre le modèle MC a montré une très large 
contradiction. Cependant, la comparaison des résultats est interprétée comme étant lié à la définition de la raideur du sol dans chaque 
modèle. 
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1  INTRODUCTION  

Due to fast development of urban area, underground space is 
widely used for both public and private sectors and deep 
excavation to satisfy the urban spatial planning. As deep 
excavation in general has to be carried out in a crowed place, 
additional attentions have to be paid any related construction 
activity and induced movements. 

The study of deep excavation has been explored for decades 
but most of them are mainly focused on behaviours or related 
simulation for deep excavations in clay instead of sand. In this 
paper, a unique opportunity was given to examine the 
behaviours caused by deep excavations in loose to medium 
dense sand with high ground water table and the discussions of 
observations is conducted as well. Moreover, various 
constitutive models are selected to simulate excavation- induced 
behaviours in order to justify their applicability of the 
excavation in loose to medium dense sand. . 
 
2 PROJECT BACKGROUND  

The selected excavation mentioned in this study as research 
background is located in central Kaohsiung. The size of 
excavation is 20 m in width and 70 m in length. Figure 1 
presents the ground profile and cross section of the excavation. 
As shown in Figure1, the maximum excavation depth is up to 
16.8 m and the pit is retained by 0.9 m thick, 32 m deep 
reinforcement concrete diaphragm wall with additional 4- level 
horizontal props.   

In Figure 1, it shows that the excavation was carried out in 
the ground that has thicker sandy material with several thin 
layers of impermeable clay and SPT- N (N) value of ground is 
less than 30, which is not dense. The groundwater table is high, 
at approximately 2m below surface level.   

Details of the project background are described by Hsiung 
et al. (2016a).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1 Ground profile and cross section of the excavation 
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3 OBSERVATIONS  

Measuring instruments, such as inclinometers in the wall and 
soils, settlement markers on ground surface and buildings, 
tiltmeters, vibration wire gauge on strut and observation wells 
were installed on site for measuring excavation- induced ground 
and structure deformations and stress as well as change of water 
level.   

Through site monitoring, the wall performs as like a 
cantilever and then gradually becomes prop-mode after 
horizontal struts are added. The maximum wall displacement 
reaches up to 54 mm and a movement of 8.25 mm of the 
inclinometer toe is obtained from the excavation. In contrast, 
the maximum value of the surface settlement is 25 mm but 
becomes less once the location moves closer to the corner. The 
settlements of buildings stood at two ends of the excavation are 
very limited (up to 8 mm) and the tilting of these buildings 
remains less than 1/1000 during the excavation.  

Figure 2 presents an average strut load of each level and the 
strut load continues to increase, except Level 1. Level 4 strut 
has the maximum load and it is approximately climbs up to 
2000 kN at the end of excavation. The strut load of Level 1 
firstly increases to 1300 kN and then begins to drop until 
around 100 kN after the installation of Level 2 strut.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2 Change of strut load at various struts 

 
The change of water level was detected through the 

monitoring of observation wells installed inside and outside the 
excavation. For observation wells installed outside but closer to 
the diaphragm wall. The depth of groundwater remains at 3m 
below surface level during the whole excavation. In contrast, 
the depth of groundwater continues to drop during the 
excavation and it is approximately 6 m below excavation level 
at 1st excavation stage and almost the same at the excavation 
level at final excavation stage. 

Details of observations are stated in Hsiung et al. (2016a 
and 2016b). 
 
4 ANALYSES  

The analyses in this paper aim to explore the differences of 
predictions using from various constitutive models, the tools 
used are elastic-perfect plastic Mohr-Coulomb (MC), hardening 
soil (HS) and hardening soil-small strain (HSS) models. Two-
dimensional analyses using PLAXIS were conducted and 
details of these models are further described in this paper. 

The MC model assumed to have the linear elastic-perfect 
plastic soil stress-strain relationship, and its failure criteria is 
referenced to the Mohr-Coulomb’s failure theory.  The MC 
model needs five parameters, they are the friction angle , 
cohesion c, Poisson ratio , dilation angle and Young’s 
modulus (E). The slope of linear elastic phase is determined as 
E. 

For loose sand,  and c could be measured from laboratory 
and in-situ tests. However, due to difficulty in having good 
quality samplings in loose sand, it is likely that results (N) from 
the standard penetration test has become a commonly 
acceptable index for definition of E and nevertheless, various 
approaches lead E in the range of 2000N (unit in kPa; Hsiung et 
al. 2009) and 4000N (also unit in kPa; Yong et al. 2015). 
Moreover, differences of N could be resulted from test operated 
by different personnel and also equipment used. Therefore, a 
more reliable index is essential for defining E once this is a 
comparatively uniform ground.  

By reasons stated above, more reliable in-situ dilameter test 
(DMT) and cone penetration test (CPT) were conducted. Details 
of E interpretation from CPT are described in Hsiung et al. 
(2016a).  

E measured from DMT is presented in Figure 3 and the 
results shown that E value increases with depth from 10000 to 
33000 kPa; from the surface to final excavation level and it 
tends to become a linear relationship. Figure 3 shows a linear 
regression line, E = 1250 (Z+9.7) is obtained from DMT.Z is 
the depth with the unit of meter. E value from additional triaxial 
tests was also plotted for comparison purposes and it presents 
that the aforesaid value is lower which might be associated with 
the soil sample disturbance. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3 Comparisons of soil moduli measured from the DMT and 
triaxial tests and those estimated by various approaches (Hsiung et al., 
2016a) 
 

Comparing with MC model, HS model has three additional 
soil stiffness input parameters E50ref, Eoed ref and Eur ref instead of 
E in MC model. These three parameters have to be obtained 
from values of E50, Eoed and Eur.  Definition of E50, Eoed and Eur 
and their relationship with E50

ref, Eoed
 ref and Eur

 ref are explained 
by Schanz et al. (1999) and both of Eoed ref and Eur ref could be 
directly defined by E50ref. 

In order to transfer E in MC model to E50 in HS model, Aila 
(2016) indicated that  

  
     (1) 

 
For sandy material, Ng et al. (2015) that 0.8 of Rf can be 

selected. Therefore, E is approximately equal to 1.5 times E50.  
Mair (1993) further stated that soil stiffness would be 

highly strain dependent and also made a suggestion about the 
range of strain level for various underground structures, such as 
foundation, retaining wall and tunnel etc. It is recognized that 
from the same reference the strain level induced by construction 
of retaining wall generally are less than 0.1%. However, either 
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MC or HS model, both do not have the features of strain- 
dependent stiffness, thus, HSS model is considered to be 
implemented. All parameters used for HSS model are the same 
with HS model, except for the reference shear modulus of soil 
at very small strain level, G0ref and strain level having shear 
modulus equals to 70% of G0, named 0.7. G0ref is a function of 
G0 which is shear modulus at very small strain level and 
effective horizontal stress. 

It is understood that G0 can be defined as 
 
    (2) 
 
In which  is total density of soil and Vs is shear wave 

velocity of soil which can be measured from various in-situ and 
laboratory tests. Through a downhole test conducted in a 
location close to the site, it is indicated that Vs is in the range of 
102 to 313 m/sec and it increases with the depth of ground. 

By plotting G0 and horizontal effective stress (h’) 
calculated from the site together, it is likely that G0 is in linear 
with h’ and this is also consistent with observations of silty 
sand reported by Salagdo et al. (2000). Thus, a linear regression 
analysis was performed and it has 

 
    (3) 
 
The unit for G0 and h’ is MPa and kPa, respectively for (3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) Stage 3 excavation            (b) Final stage excavation 
 
Figure 4 Comparisons of observations and predictions using various 
constitutive models in later wall displacements  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(a) Stage 1 Excavation 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

 
(b) Stage 3 Excavation 
 
 

 
 
 
 
 
 
 
 
 

 
(c) Final Stage Excavation 

 
Figure 5 Comparison of observations and predictions using various 
constitutive models in surface settlement  

 
Consider the study of Wichtmann and Triantafyllidis (2004), 

0.7 is from 1 times 10-4 to 3 times 10-4. Moreover, Benz (2007) 
concluded a method for calculation of 0.7 by G0, c, lateral earth 
pressure coefficient at rest (K0), effective friction angle (’) and 
initial vertical effective stress. In this paper, method suggested 
by Benz (2007) was first selected to interpret 0.7. 

Figures 4 and 5 present the comparisons of observations 
and predictions using MC, HS and HSS model at 1st and final 
excavation stags and furthermore, more detailed discussions 
will be conducted in later section. However, it is noted that only 
half of 0.7 interpreted by Benz (2007) was applied for the 
simulation using HSS model. 

 
5 DISCUSSIONS  

Observations from the excavation are initially explored and 
discussed. As presented in Figure 5, the maximum lateral wall 
displacement (hm) reaches 54 mm at final excavation. In terms 
of 16.8 m of maximum excavation depth (He), the ratio of hm 
to He is 0.32% which is in the range of the same ratio (0.2 to 
0.5%) which Ou (2006) indicated for the excavation in soft 
ground. 

The maximum surface settlement measured from the site is 
25 mm only so the ratio of the maximum surface settlement to 
hm is 0.46 which is less than lower bound (0.5) concluded by 
Ou (2006). As the site is next to one of the main roads in 
Kaohsiung City, the most distant point for the surface 
settlement measurement is only 3m away from the excavation 
for all monitoring sections due to reasons of reliabilities of data 
and also personnel safety while surveying in a heavy traffic 
road. Even though there were 6 sections of monitoring arrays in 
total installed along the long side of the excavation site, it is 
remained unattainable to have a full view of surface settlement 
trough, and it is less likely to identify the location and 
magnitude of the maximum surface settlement. Further, as 
shown in Figure 1, there is a 2-m thick impermeable clay at the 
depth of 28.5 to 30.5 m; although it is necessary to pump from 
inside of the excavation, however, clay might prevent the 
ingress of water during the excavation, and it would not 
stimulate more surface settlement outside the excavation. 

2
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As indicated previously, there are 6 monitoring sections 
along the long side of the excavation. The surface settlement 
measured from each section gradually becomes smaller from 
the centre to the direction of corner and the impact from corner 
effect is expected to be the reason. 

Building settlement with 8 mm was observed and was 
considered comparatively limited.  The buildings measured in 
this study are located next to the short side of the excavation, 
this phenomenon is expected to be associated with similar 
corner effect and to the same reason, the tilting of buildings is 
no longer significant.  

Observations of all 4-level struts are presented in Figure 2. 
Due to greater lateral earth pressure at deeper ground, the 
deepest strut (Level 4) has indicated to have the maximum 
value.  Similar to Level 4 strut, loads of Level 2 and Level 3 
struts increase, but slightly reduce at the same time when next 
level of strut was installed. It is expected that the lateral earth 
pressure was partially shared once additional strut was put in so 
the load was then decreased. 

Changes of groundwater level are completely different from 
the inside and to the outside of the excavation site. The drop of 
water table inside the excavation is caused by pumping highly 
permeable sand inside the excavation. However, it is likely that 
reinforcement concrete diaphragm wall and impermeable clay 
at the depth close to wall toe formed a cut-off influence to 
prevent the impact of pumping on water level outside the 
excavation.  

For all three constitutive models adopted in this paper, soil 
parameters are the same, except soil stiffness. Therefore, soil 
stiffness thus becomes a key factor to lead the difference of 
shape and magnitude of excavation- induced deformations.  

Due to restrains of obtaining good and reliable soil sample 
in loose sand, it is likely that the N value from SPT becomes an 
index that is used to define soil stiffness. In engineering practice, 
average N value taken from various boreholes at the site is often 
used for geotechnical design and analysis. Skempton (1986) 
stated that the N value increases once the depth or effective 
stress increases; but it is unlikely to the case if the average N 
value is used. Thus, a more reliable index shall be considered, 
especially for a ground having uniform soil stratum. No matter 
from the view of sampling, strain level and sample disturbance 
for excavations in loose sand, in- situ test shall perform better 
rather than results from laboratory tests. Further, an equation 
using ground depth (Z) for definition of E is interpreted in this 
paper and said equation can give an acceptable prediction in 
lateral wall deformations at various stages. Further, Skempton 
(1986) also suggested N can be corrected to an average energy 
ratio of 60% (N60) once it has to be used so said correction shall 
be delivered in later study.  

Comparisons of observations and predictions using different 
constitutive models in the aspects of lateral wall movements 
and surface settlements are presented in Figures 4 and 5. It is 
shown that the MC model gives the most unfavourable results. 
Moreover, it is also found that HSS model with current 
assumptions has the best performances in lateral wall 
movements. Although HSS model significantly under- 
estimates the settlements at the place close to the excavation at 
Stage 1 excavation and over-estimate the settlement at the same 
place at Final excavation stage. However, it is the only 
prediction that does not give ground heave for the place 
immediately behind the wall and no settlement at far end 
(approximately 50 m away from the excavation). It is presumed 
that the simulation of HSS model still has better performances 
than others and it is associated with the strain- dependent 
stiffness feature of the model. It is also noticed that the results is 
regarded as a correlation with proper definition of soil stiffness 
in the model, such as E50, G0 and 0.7. 

Finally0.7 interpreted by Benz (2007) has to be revised in 
order to be properly applied for excavation in loose sand and it 

is also indicated from the experiment of this paper that the 
decrease of shear stiffness in loose sand with increase in strain 
level are more than other soils 
 
6 CONCLUSIONS AND SUGGESTIONS  

The following conclusions can be drawn from the results of this 
paper. Firstly, the observations from an excavation in loose to 
medium dense sand show the ratio of hm to He is 0.32%. The 
surface settlement tends to be smaller and this is expected to be 
connected with a full view of surface settlement trough, which 
could not be built from monitoring and impermeable clay at the 
depth close to wall toe. 

Secondly, in order to conduct two-dimensional numerical 
analyses using PLAXIS to predict excavation-induced 
deformations, E value is interpreted using a more reliable index 
instead of N value. It is concluded that E = 1250 (Z+9.7) in 
which the unit for E is kPa and Z is the ground depth with the 
unit in meter. In addition, E50 used for HS model can be 
reasonably assumed to be E divided by 1.5.  

Considering the performances using various constitutive 
models, HSS model performs better and it is apprehended that 
the feature of strain-dependent stiffness of the model would be 
the main influence. The shear modulus at very small strain level, 
G0 used for HSS model could be calculated by h’ in a linear 
relationship. The method of definition of 0.7 is provided by 
Benz (2007) but it the equation could over-estimate 0.7 which 
also means that the shear modulus of loose sand decreases more 
with increasing of strain level than other soils.  
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